their full extent, especially for short fiber composites [9] [10] [11] [12] [13] [14] . Several chemical-based approaches have been used to improve the compatibility between natural fibers with different polymeric matrices, e.g. alkali treatments (mercerization), silanization, acetylation, benzoylation, maleated coupling agents, isocyanate treatments and grafting of synthetic polymers [1, 3, 7, 12, 13, [15] [16] [17] . Silanization is by far most effective fiber surface treatment, judged by the improvements in material property increases, above a 100% in the tensile and flexural strengths [11, 12] . However, even though the wet chemical treatments of fiber surfaces have been somewhat successful in improving the interfacial bonding, there are still problems related to the appropriate handling and disposal of the large amounts of hazardous chemicals that are often involved and concerned with environmental pollution problems. These problems have limited a wider industrial application of chemical fiber surface treatments [4, [16] [17] [18] [19] [20] . Cold plasma is a solvent-free technique with no liquid waste generated and can therefore be considered as an environmentally sound method. Also, the plasma-based surface modification is restricted to a thin depth of the material, e.g. the bulk properties of materials are retained and it uses small quantities of monomers. The surface functionalization can be carried out in one step and several functional groups, e.g. OH, COOH, NH 2 , CNH, can be grafted on polymer surface depending on monomer selected [21] [22] [23] [24] [25] . de Valence et al. [26] studied the effect of cold air plasma treatment on the hydrophilicity of electrospun polycaprolactone scaffolds in order to improve cell-material interactions and promote better tissue regeneration for biodegradable vascular graft applications. They pointed out that the plasma treatment significantly increased the hydrophilicity of the scaffold and accelerated tissue regeneration without compromising the mechanical strength, which are valuable advantages for vascular tissue engineering. Kaklamani et al. [27] pointed out that the active screen plasma nitridizing (ASPN) treatment of UHMWPE enhanced cell attachment without altering the mechanical properties and topography of the polymer surface. They treated the UHMWPE with a gas mixture 80% N 2 and 20% H 2 (v/v) at 2.5 mbar pressure and 90°C followed by growth of 3T3 fibroblasts on the treated and untreated polymer surfaces. The chemical properties of the ASPNtreated UHMWPE surface were studied using Xray photoelectron spectroscopy, revealing the presence of C-N, C=N, and C!N chemical bonds. Parvinzadeh Gashti et al. [28] carried out the plasma functionalization of PET using Ar/O 2 (4:1) and NH 3 / C 2 H 4 (1:1) gas mixtures followed by incubation in simulated body fluids (SBF) in order to investigate the effect of the cold plasma process in the formation of bone-like hydroxyapatite (HAp). Their results suggest that Ar/O 2 and NH 3 /C 2 H 4 plasmas as potentially useful tools for bone tissue regeneration procedures. The use of the dielectric barrier dischargeprocess (DBD) to generate a reactive cold plasma to modify the surface chemistry of synthetic a natural materials has been explored by several groups [24, 25] . It is characterized by relatively low engineering costs, high speed, and simplicity compared to lowpressure (vacuum) plasma techniques. Another advantage from an industrial viewpoint is that continuous in-line processing can easily be performed. The control of external plasma operational parameters, such as frequency of discharges, exposure time and flow rate of the monomer makes this technique very promising for modifying the surface chemistry and topography of henequen fibers, which can thereby be tuned to design henequen surfaces compatible with high density polyethylene. In this work we used DBD treatments with ethylene at atmospheric pressure to modify the surface properties of henequen fibers (HF), (Agave fourcroydes) and the main goal was to improve their adhesion to HDPE. A 2 3 factorial experimental design was used to study the effects of the plasma parameters, frequency, flow rate and exposure time, onto the HF tensile mechanical properties and its adhesion to High Density Polyethylene (HDPE). The chemical functionalization and topography of the surfaces were analyzed by means of PAS-FTIR and SEM to better understand the surface modification.
Experimental 2.1. Materials
Henequen fibers with an average diameter of 180 µm and average length of 9 cm, supplied by Desfibradora Yucateca, S.A. (DESFIYUSA Co.) of Mérida, Yucatán, México were used. High density polyethylene, HDPE (Petrothene) extrusion grade, was supplied by Quantum Chemical Inc. A melt flow index of 0.33 g/10 min was determined using ASTM standard D-1238-79 at 190°C and a weight of 2160 g. A density of 0.96 g/cm 3 was determined using ASTM standard D-792-86 and benzene as an immersion liquid. The melting point (135°C) was determined in a DSC-7 Perkin Elmer calorimeter. Ethylene (C 2 H 4 ) (99%, INFRA, Guadalajara, Mexico) and UHP Helium (99.99%, INFRA, Guadalajara, Mexico) were used as received without further purification.
Plasma treatments and design of experiments 2.2.1. Dielectric barrier discharge treatments
Dielectric barrier discharges were generated in a parallel-plate reactor prototype described elsewhere [29] . In a typical treatment, once the discharge gap and the frequency had been selected, 9 cm long henequen fibers were vacuum-oven dried, (60°C, 135 Torr, 12 h) and placed on the reactor, and then, the reactor was closed. Helium was allowed to flow (2 L/min) for a period of 5 min to free the reactor chamber from air and other impurities. The ethylene reagent was then fed for 3 min and then the discharge was ignited, selecting both flow and time of discharge according to the experimental design. All the reactions were carried out at atmospheric pressure and room temperature (25°C). The reagent was allowed to flow for one more minute in order to quench the free radicals, and helium was fed again at 2 L/min for 5 min to evacuate the reaction chamber. The henequen samples were collected and stored (overnight) in plastic bags until ready for further analysis. Xylene extraction of henequen fibers in a Soxhlet apparatus for 6 h after the ethylene-plasma treatments was carried out at 120°C for 12 h in order to make sure that the deposited layers could not be easily removed by physical or chemical means.
Statistical experimental design
A common method used to investigate the effects of the values of the operational parameters (factors) on a process is the usual approach of changing the value of one factor at a time and noting its influence on a given characteristic of the final product (response). However, this method has some disadvantages: it requires a large number of trials and it does not reveal the possible interactions between factors. In contrast, factorial experimental designs can be efficient when several factors (more than two) are under study. By factorial design, it means that in each complete trial all possible combinations of the levels of the factors are investigated. The factors are commonly used at two levels. Normally, it is assumed that the response is approximately linear over the range of the factor level chosen. In a twolevel factorial design a (2 k factorial design), it is understood that the measured property y (the response of the system) can be related with the experimental variables through the polynomial first order regression model shown in Equation (1):
where, X i is the coded values of the considered factors.
A two-level full factorial design 2 3 with five central points was employed to investigate the effects of the external plasma operational parameters: frequency of discharges (A), plasma exposure time (B) and the flow rate of ethylene (C) over the tensile mechanical properties of henequen fibers and the Interfacial Shear Strength (IFSS) between henequen fibers and the HDPE. The levels of the three independent variables studied are indicated in Table I . They were selected on the basis of preliminary studies of this polymerization system [29] . For the convenience of handy data processing and to simplify calculation of the regression coefficients, the independent variables investigated were re-coded so as to give normalized variables varying within the range of [-1, 1] . Thus, if A denotes the natural variable plasma frequency; B the natural variable exposure time of the fiber and C the ethylene flow rate, then the coded variables are calculated as Equation (2): , ,
The standard experimentation matrix is shown in Table 2 . Columns 2 to 4 give the variable levels [30] . An empirical regression model encompassing all the operating variables and their binary interactions was calculated for the dependent variables, tensile strength, tensile modulus and IFSS between henequen fiber and HDPE.
Mechanical properties 2.3.1. Tensile srength test
Single-fiber tensile tests were conducted according to ASTM D3822-01 to determine the tensile strength of treated and untreated henequen fibers using a Shimadzu universal testing machine, Model AGS-X. A single fiber was selected and cut to a length of 30 mm. The diameter of each henequen fiber tested was measured at several points along its length using an optical microscope Motic Digital Microscope DMI 43 before the test. The henequen fibers were conditioned at 60% RH and a temperature of 25°C before they were tested. The gauge length was 12.5 mm and the cross-head speed was set to 1 mm/min. The results of 15 single fiber tests were evaluated in terms of tensile strength, tensile modulus and elongation at break.
Interfacial shear strength test (pull-out test)
To measure the IFSS the pull-out test was used. In this test, one end of the fiber is embedded in a block of the polymer matrix and a force is applied to the free end to pull it out of the matrix while the force is continuously monitored and recorded. The average IFSS can be calculated from the force at which the debonding occurs using Equation (3):
where F is the maximum load measured prior to debonding of the fiber, d is the fiber diameter and l is the fiber embedded length [11, 14, 31, 32] .
Preparation of the pull-out test sample
The pull-out specimens were made using the following procedure: the henequen fibers were attached to a frame using high temperature adhesive tape. Then, they were placed between two sheets of HDPE and the mold was subjected to a 1 ton constant pressure at 180°C, in a Carver laboratory press for 10 minutes and then cooled to room temperature under constant pressure. The specimens were cut in rectangles of 3 cm"1 cm in such a way that one end of the fiber was embedded along the main axis of the rectangle. The nominal fiber embedded length was produced by perforating the sample at a specified position. The actual embedded length and the apparent diameter of the fiber of each probe were recorded with a Motic Digital Microscope DMI 43 (Cole Parmer Int., Vernon Hills, IL, USA) optical microscope. The specimens were subjected to a tensile force using a MINIMAT (Rheometric Scientific Inc., Piscataway, NJ., USA) miniature testing machine equipped with a 500 N load cell and the load-displacement curve was recorded using a cross-head speed of 1.2 mm/min. in all the experiments.
Surface characterization 2.4.1. Infrared spectroscopy (FTIR)
The henequen fibers were cut to an average length of 1.5 mm and then a FTIR analysis was performed on a Nicolet model Protege 460 Magna IR (Nicolet Inst. Corp., Madison, WI, USA) spectrometer using a Photoacoustic attachment (MTEC Photoacoustics, Inc., Ames, IA, USA). The spectra were recorded with 60 scans, 4 cm -1 resolution a speed of 0.15 cm/s.
Scanning electron microscopy (SEM)
The henequen fibers were coated with gold and then analyzed using a JEOL JSM-6360LV (JEOL de Mexico, D.F, MX) scanning electron microscope operated at 20 keV. As it can be seen, the untreated fiber surface is relatively more homogeneous than the ethylene-plasma treated fibers. It can also be seen that there are some changes in the fiber topography that suggest an increment in fiber roughness and the formation of tiny cracks or cavities for the plasma treated fibers at conditions (120, 1.0, 1.018), see Figure 1b , compared with the untreated ones displayed in Figure 1a .
Results and discussion
A rougher surface morphology and several defects in the form of cracks, pits and corrugations are pro- duced in the fibers treated at (170, 1.0, 1.018) can be seen in Figure 1c . It is notorious that the increment in the frequency of discharges, results in an increase of the deterioration of the fiber surface because they are exposed to a greater amount of energy during its residence time on the DBD reactor. Also, the effect of exposure time on the fiber surface topography is evident in Figure 1d where it can be seen that the deterioration of the fiber surface is more severe for the fibers exposed during 8 min to the plasma discharges (170, 8, 1.018). A large amount of crevices and torn microfibrils are evident because the longer the time of treatment, the more severe is the etching of the fiber surface than that resulting from the increase in the frequency of the discharge. Figure 2 shows the infrared spectra of the ethyleneplasma treated curve (a); the untreated henequen fiber curve (b) and the difference between them curve (c). In Figures 2#curve#(a, b) it can be seen that both spectra, the untreated and the ethylene-plasma treated henequen fibers, are very similar and shows the absorbance peaks related to the characteristic functional groups of a lignocellulosic fiber. The broad and intense peak at 3400 cm -1 suggests hydrogenbonded O-H stretching vibration from the cellulose and the lignin and to the water present on the fiber. The bands in the range 2800-3000 cm -1 are related to C-H saturated hydrocarbon stretching. The shoulder at about 1730 is due to the carbonyl (C=O) stretching of acetyl groups of hemicellulose. The broad band around 1000-1300 cm -1 has been attributed to the C-O-C stretching vibration of cellulose and hemicellulose. [33, 34] . A more detailed analysis shows that definitely there are some differences between the spectra of the fibers processed in the plasma reactor and the untreated ones. In order to highlight these differences the subtraction of both spectra is plotted in Figure 2#curve# (c). It can be observed that there are changes in the 3000-3500, 2800-3000 cm -1 , and around 1600, 1460, 900 and 750 cm -1 . The decrease in the 3400 peak could be attributed to the reduction of the O-H hydrogen bonds in the surface of the fiber due to an increment in its hydrophobicity, attributed to the deposition of a hydrocarbon polymeric film, formed during the exposure to the ethylene-plasma. The appearance of the peaks at 2940 cm -1 (asymmetric stretching) and 2840 cm -1 (symmetric stretching), the peak at 1460 cm -1 (bending) and the peak at 750 cm -1 (rocking deformation) of methylene group (-CH 2 -) suggest the presence of a hydrocarbon film on the henequen fiber surface. Moreover, the peaks at 3030, 1605 and at 905 cm -1 could be attributed to the existence of vinyl groups in the deposited film [35, 36] . Tibbit et al. [37] , Donohoe and Wydeven [38] , Oran et al. [39] and Swaraj et al. [40] have pointed out that the plasma polymerization of ethylene yields a plasma-polyethylene polymer with different structural characteristics with respect to that obtained with conventional methods. The plasmapolyethylene polymer possesses chemical crosslinks, ramifications and unsaturated vinyl groups.
FTIR analyses

Fiber tensile test results
The determination of tensile properties of henequen fibers is crucial because it gives a measure of how much improvement in mechanical properties can be expected when the fibers are incorporated in a polymer matrix. The sensitivity of henequen fibers to moisture content has been reported in the technical literature and it is known that the variation in moisture content can affect the tensile properties of fibers. Therefore, the fibers tested for tensile properties were equilibrated at 25°C and 60% relative humidity (RH) before the testing. The typical stressstrain curve of henequen fiber in tensile testing is shown in Figure 3 . The curves presented a non-linear region starting at stress levels of 50 MPa or below. This non-linear region, following the initial portion of the stress-strain curve has been hypothesized to be due to a collapse of the weak primary cell walls and delamination between fiber-cells [10] . The knowledge of the internal structure of a henequen fiber [10] allows for the elaboration of an interpretation of its deformation mechanisms. The first linear zone of the stress-strain curve corresponds to a global loading of the cell walls. The curved zone can be associated to a visco-elasto-plastic deformation of the amorphous parts of the fiber together with an alignment of the cellulose microfibrils with the fiber axis. Finally, after this rearrangement, the third linear zone could be characteristic of the elastic deformation of the microfibrils. Ethyleneplasma treated fibers show a drop in the tensile strength and elongation at break that can be partially linked to the introduction of defects (e.g., cracks and pits) onto the surface of the fibers after plasma treatment, the longer the exposure to the plasma treatment the higher the flaw population.
Interfacial shear strength test (pull out test) results
The typical load-displacement curves for the pristine henequen fiber and subjected to two different conditions on the ethylene-plasma reactor in the pull-out test are shown in Figure 4 . It can be noted that all the curves exhibit the non-linear behavior characteristic of a ductile matrix [41] . However, once the load reaches its maximum value there are clearly significant differences in the way these curves drop. For the pristine henequen it can be seen that the load increases gradually and when it reaches a maximum value there is a smooth transition and it begins to decrease in a linear fashion until the total embedded length of the fiber is pulledout. This behavior agrees well with the behavior of a poor interphase that results because of the incompatibility between the hydrophilic fiber and the hydrophobic matrix. This behavior shows a slight change in the case of the henequen fibers treated at (170, 1.0, 0.204) because the higher the roughness of the plasma treated fiber the better the fiber-matrix mechanical interlocking, i.e., the fiber-matrix interaction is improved. For the (120, 1.0, 1.018) treated fiber, the load-displacement curve depicts better bonded interphase; after the interphase has failed, the fiber can still be extracted in a controlled way and friction was measured until the fiber was completely pulled-out. This behavior suggests a better fiber-matrix interlocking and to the possible interaction between the hydrocarbon film deposited onto the surface with the HDPE matrix [11, [14] [15] [16] [18] [19] [20] . Henequen fibers are polar hydrophilic lignocellulosic fibers because they have a chemical composition consisting of cellulose (70% w/w), hemicellulose (20% w/w), lignin (8%) and extractives (2%). Cellulose consists of long chains of anhydro-D-glu- copyranose units each bearing three hydroxyl groups (one primary and two secondary moieties), with the exception of the terminal ones. Valadez-Gonzalez et al. [9] have pointed out that pristine surface henequen fibers possess both acidic and basic sites since the surface acid-base characteristics of cellulose and lignin are different. While cellulose is strongly acidic, lignin is more evenly bipolar, with a much weaker acidity and a similar basicity than cellulose. The acetyl groups in the hemicelluloses also contribute to the basic character of the henequen fibers. On the other hand, High density Polyethylene is a nonpolar hydrophobic thermoplastic matrix due to the lack of reactive groups on its backbone chains and therefore only can interact by non-dispersive Van der Waals forces. Therefore, the adhesion between henequen fibers and HDPE is expected to be poor at the interface because of the different polarity. It is known that the surface treatments modify the fiber surface energy and so the nature of the fiber-matrix interphase. Several reports in the literature pointed out that the chemical surface treatment modifies the fiber surface free energy, i.e., it changes the surface dispersive and non-dispersive energies. Wettability, by a HDPE matrix, of henequen fibers can be improved by the action of ethylene plasma treatments, due to the reduction of the polar components of surface energy. The plasma-polymerized structure is usually complex but it is known that ethylene-based plasma-polymerized structures are highly branched crosslinked and that they contain some degree of unsaturation [37] .
Factorial design analysis
The experimental values obtained for the selected responses tensile strength, tensile modulus and interfacial shear strength (IFSS) are presented in Table 2 .
Model fitting and statistical analysis
The half-normal probability plot for tensile strength and tensile modulus of henequen fibers and the related to the henequen-HDPE IFSS are shown in Figures 5a, 5b and 6 respectively. The half-normal probability plot is a graphical tool that uses the ordered estimated effects to help assess which factors are important and which are unimportant. From the half-normal probability plot of |effects| we should be able to identify the most important factors since the estimated |effect| of an unimportant factor will typically be on or close to a nearzero line, while the estimated |effect| of an important factor will typically be displaced well off the line.
As can be seen in Figures 5a and 5b the exposure time is the most important plasma operational parameter for both tensile strength and modulus. Followed by the interaction time"flow rate; the frequency of discharge and last, the ethylene flow rate. In the case of the IFSS, Figure 6 , the three plasma operational parameters studied are significant. However it can be seen that the interaction time"flow rate is the most important whereas the frequency of discharges is the most important among the main effects.
The empirical relationships for tensile strength and tensile modulus as determined by Design-Expert software are shown in Equations (4), (5) and (6) below after eliminating the non-significant main effects and interaction terms: for henequen fibers tensile strength and modulus respectively, and in Figure 8 , for henequen-HDPE IFSS.
Response surface plot and contour plot analyses of tensile strength and modulus
The response surfaces and contour plots are the graphical representations of regression equation. They provide a method to visualize the relationship between the response and each variable, and the interactions between any two tested variables. The fitted response surface plot was generated by statistically significant above model by Design-Expert program to understand the interaction of the operational plasma parameters selected (independent variables) on the tensile mechanical properties of henequen fibers and their interfacial shear strength with HDPE. The plots are shown in Figures 9-11 and were obtained from Equations (4), (5) and (6) In Figure 9a it is observed that the highest fiber tensile strength was obtained at high flow rates and short exposure times. On another hand, the lowest fiber tensile strength value is found at high exposure times and high flow rates. This behavior highlights the importance of interaction between the operational parameters since the effect of flow rate depends on exposure time. At short times, (1 min), it increases the fiber strength whereas at longer times, (8 min) , it decreases the fiber strength. We can observe how this strong interaction results in a 'twisting' of the surface response. Another fact that can be observed in Figure 9 is that the rate of change of the tensile strength is higher at short times compared with larger times, e.g. the sensibility of the process is greater at short times and more robust at longer ones. Figures 10a and 10b . The general behavior of the tensile modulus is similar to that of tensile strength, i.e. the higher moduli were obtained at short times of exposure and high flow rates; the smaller moduli were found at longer times and high flow rates. However the interaction between both operational parameters, time of exposure and flow rate is weak as can be seen the more straight contour lines in Figure 10a . The corresponding surface plot is slightly Figure 11a it is observed that the higher IFSS (3.5 MPa) between the ethylene-plasma henequen fibers and HDPE is accomplished at low frequency of discharges, high flow rate of ethylene and longer exposure times. On another hand, the smaller values of IFSS (2.3 MPa) were obtained at high frequency, longer exposure times and low flow rates. From these results it can be seen that we can improve the IFSS by approximately 50% with a suitable choice of operational parameters of DBD plasma reactor. The contour lines shown in Figure 11a are curved, as can be expected, because the interaction flow rate-exposure time is statistically significant. Accordingly the surface response is twisted and shows a complex behavior at slow flow rates and short exposure times. Another fact that can be observed in Figure 11a is that the rate of change of IFSS is greater at longer exposure times than at short ones. For example, increasing the ethylene flow rate from 0.21 to 1 L/min, it increases the IFSS from 2.4 to 2.46 MPa (2.5%) at exposure times of 1 min, whereas it increases from 2.43 to 3.4 MPa (40%) at exposures time of 8 min.
Conclusions
In order to improve the bonding between henequen fibers and High Density Polyethylene their surface modification was realized by exposing them to eth- ylene dielectric barrier discharge (DBD) plasma operating at atmospheric pressure. The present study indicates that individual operational parameters in DBD plasma treatment have different effects on the properties of henequen fibers and on its bonding with HDPE. The statistical analysis approach used here has determined that the chosen plasma operational parameters, frequency of discharges, exposure time and ethylene flow rate, have a selective effect on the nature and scale of the polymer modification that occurs in each case. The results shows that the conditions on the plasma reactor leads to a significant change in bonding between henequen fibers and HDPE as determined by the IFSS determined by means of the pull-out test. It was also found that the interactions between, exposure time-flow rate and frequency-flow rate, have more impact on the IFSS. The processing conditions that improve the IFSS to a great extent were frequency 120 Hz, exposure time 8 min and ethylene flow rate 1.018 L/min. Also, if a frequency 170 Hz, exposure time 8 min and flow rate 0.204 L/min had been chosen, the IFSS would have dropped to its minimum value. The SEM results show that the exposure to plasma modifies the morphological properties of the fibers increasing their roughness. The FTIR results suggest the presence hydrocarbon-like polymer film, with some vinyl groups, that, it could react with the HDPE, deposited onto the fibers. These findings suggest that the improvement in the henequen-HDPE bonding could be the result of enhancing the mechanical interlocking, due the increment in roughness, and the possible reaction of the vinyl groups present in the hydrocarbon-like polymer film deposited onto the fiber.
